Polycrystalline samples of new scheelite-type tungstates, Pb 1 − 3x x Pr 2x WO 4 with 0.0098 x 0.20, where denotes cationic vacancies have been successfully prepared by a high-temperature solid-state reaction method using Pr 2 (WO 4 ) 3 and PbWO 4 as the starting reactants. The influence of the Pr 3+ substitution in the scheelite framework on the structure and optical properties of prepared new ceramic materials has been examined using powder X-ray diffraction method (XRD) and UV-Vis-NIR spectroscopy. The results of dielectric studies of Pb 1 − 3x x Pr 2x WO 4 samples showed both low values of dielectric constant (below 14) and loss tangent (below 0.2). The electrical conductivity and thermoelectric power measurements revealed a low conductivity (∼2 × 10 −9 S/m) and the sign change of thermoelectric power around the temperature of 366 K suggesting the p-n transition. These results are discussed in the context of vacancy, acceptor and donor levels as well as the Maxwell-Wagner model.
Introduction
Lead tungstate (PbWO 4 ) is a popular scintillating material for use in the new generation of high-energy physics because of its relatively high density, fast scintillation decay constant, and resistance to radiation damage. These properties are particularly important for the new designed PbWO 4 instruments used in the Large Hadron Collider (at CERN) since the new accelerator generates high energy particles at high beam luminosity [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . At room temperature, lead tungstate presents scheelite-type tetragonal structure, belonging to I4 1 /a space group [16, 17] . RE 3+ -doped PbWO 4 exhibits good photoluminescence and it is a promising laser host [18] [19] [20] [21] . Recently, the microcrystalline samples of new Pb 1 − 3x x Pr 2x (MoO 4 ) 1−3x (WO 4 ) 3x solid solution, where x can reach the maximum value of 0.2222 and means cationic vacancies, have been successfully synthesized by us [22] . Lead * E-mail: Tadeusz.Gron@us.edu.pl molybdate (PbMoO 4 ) and praseodymium tungstate (Pr 2 (WO 4 ) 3 ) were used as the starting reactants for solid state synthesis [22] . The presence of cationic vacancies is due to the need of compensation of the excess positive charge resulting from the substitution of divalent Pb 2+ ions by trivalent Pr 3+ ones [22] . According to the X-ray diffraction analysis the Pb 1 − 3x x Pr 2x (MoO 4 ) 1 − 3x (WO 4 ) 3x samples crystallize in the scheelite-type tetragonal symmetry, with I4 1 /a space group [22] . The introduction of cationic dopant (Pr 3+ ) to PbMoO 4 matrix significantly affects thermal and spectroscopic properties of the new ceramic materials. Both, PbMoO 4 and Pb 1 − 3x x Pr 2x (MoO 4 ) 1 − 3x (WO 4 ) 3x samples are insulators and their indirect band gap, E g , is higher than 3 eV [22] . The observed band gap of the new lead and praseodymium mixed molybdato-tungstates shows a nonlinear variation with a change of Pr 3+ concentration in the scheelite framework [22] .
In the present work, the results on new Pb Powder XRD patterns were collected in the 10°to 100°2θ range with the scanning step 0.013°on a EMPYREAN II diffractometer (PANanalytical) using CuKα 1,2 radiation (λ = 0.15415 nm). They were analyzed by a HighScore Plus 4.0 software. First successive diffraction lines recorded within 2θ (CuKα) 10°to 80°region were selected for indexing procedure and calculating the unit cell parameters performed by means of a POWDER software [24] . UV-Vis-NIR diffuse reflectance spectra were recorded at room temperature and in the wavelength range of 200 nm to 1000 nm using a JASCO-V670 spectrophotometer equipped with an integrating sphere. Broadband dielectric spectroscopy measurements were carried out using pellets, polished and sputtered with ∼80 nm Ag electrodes in a frequency range of 5 × 10 2 Hz to 1 × 10 6 Hz using a Novocontrol Alpha impedance analyzer and in the temperature range of 76 K to 400 K. More details are available in the literature [25, 26] . The electrical conductivity (σT) of Pb 1 − 3x x Pr 2x WO 4 has been measured in the intrinsic region with the aid of DC method in the temperature range of 300 K to 400 K using a KEITHLEY 6517B electrometer/high resistance meter. The thermoelectric power S(T) was measured in the temperature range of 300 K to 600 K with the aid of a Seebeck effect measurement system (MMR Technologies, Inc., USA). 
Results and discussion
The powder XRD patterns of lead tungstate and Pb 1 − 3x x Pr 2x WO 4 samples with different values of x parameter are shown in Fig. 1a . All observed diffraction lines are very sharp and strong, indicating good crystallinity of the as-prepared ceramic materials. Additionally, they are shifted towards higher 2θ angle with increasing praseodymium content (Fig. 1b) . All the peaks of XRD patterns were successfully indexed with the scheelite-type structure belonging to the The band gap energy, E g , is an important property of materials that determines their applications in optoelectronics. The band gap of bulk PbWO 4 and Pb 1 − 3x x Pr 2x WO 4 for various values of x parameter were determined from their UV-Vis-NIR diffuse reflectance spectra shown in Fig. 2a . The diffuse reflectance data were converted into absorption ones using the Kubelka-Munk function [27] defined as follows:
where R is a reflectance, F(R) is the Kubelka-Munk function. It is known that the optical band gap energy E g is related with an absorption coefficient α and photon energy by the equation proposed by Wood and Tauc [28] :
where A is a constant characteristic of the material under study, h is the Planck constant, ν is the light frequency. The n parameter is a constant which may take values 1/2, 2, 3/2 or 3 for allowed direct, allowed indirect, forbidden direct and forbidden indirect electronic transition, respectively. The plots of (αhν) 1/2 versus hν derived from the reflectance data for pure matrix and Pb 1 − 3x x Pr 2x WO 4 samples are shown in Fig. 2b . The optical band gap of each sample was approximated by extrapolating the linear part of the plot of (αhν 1/2 to zero (according to the procedure used by us in our previous papers [22, 25, 26] ). The value of indirect band gap for PbWO 4 was found to be 3.73 eV (Fig. 2b) . The observed indirect band gap for each Pr-doped sample is clearly smaller than E g for the pure matrix and it was found to be 3.39 eV (x = 0.0098), 3.57 eV (x = 0.0839), and 3.42 eV (x = 0.20) (Fig. 2b) . The nonlinear dependence of E g on the value of x parameter has also been observed. The results of the band energy gap determination ( Fig. 2b) and small values of the electrical conductivity σ ∼ 2 × 10 −9 S/m with their poor temperature dependence (Fig. 3) suggest the insulating properties of Pr-doped tungstates under study. The temperature dependence of thermopower, S(T), within the temperature range of 300 K to 600 K (Fig. 4) showed the p-n transition around the temperature of 366 K indicating mainly n-type residual conductivity, rarely p-type one, probably due to predominant contribution of oxygen than cationic vacancies. The sign change observed in S(T) dependence may be due to the existence of shallower vacancy acceptor levels, activated at lower temperatures, and deeper vacancy donor levels, activated at higher temperatures. Similar behavior we have observed in other RE molybdates and tungstates such as: [25] , and RE 2 W 2 O 9 (RE = Pr, Sm-Gd) [26] . It seems natural that when the energy gap is wider than 3.0 eV, the electrons cannot only be activated by thermal energy kT from the valence band to the conduction band.
Dielectric constant ε r obtained for Pb 1 − 3x x Pr 2x WO 4 tungstates weakly depends on temperature and frequency (Fig. 5 to Fig. 7) . It reaches low values, i.e. below 9, 14 and 10 for x = 0.0098, 0.0839 and 0.2000, respectively. The loss tangent, tanδ, shows a similar behavior and its value does not exceed 0.2 for x = 0.0098 ( Fig. 8 to Fig. 10 ). For the remaining samples tanδ was found to be below 0.017 (Fig. 8 to Fig. 10 ). For this reason, tungstates under study are good dielectrics for the production of lossless capacitors. Generally, the low values of electrical conductivity, dielectric constant, and loss tangent observed for Pr-doped materials may suggest the presence of orientation polarization. It is also possible that the ceramics under study may create boundary phases and insulating areas "immersed" in almost not-conducting solid material which can be well described with the help of a double array model of a condenser called the Maxwell-Wagner model [29] . It can finally lead to the accumulation of induced charge or to blocking of the current cross-section by the boundary phases under the influence of the applied external electric field [30] . Most of the (charged) traps do reside in the grain boundaries with the depletion layers reaching into the adjacent grains.
In dielectrics treated as a system of neutral atoms in which there are no free electrons, after ionization of an atom, the electron is moving freely in the surrounding medium consisting of polarizable atoms and in the field of remaining positive ions. Thus, the ionization energy must be decreased because this field is screened by the polarization of the surrounding atoms [31] . In the lanthanide elements and their compounds the unpaired 4f electrons are quite effectively screened from environmental effects by overlying s and p electrons [32] . In turn, in lead there are paired 5d electrons. been prepared by a high-temperature sintering of PbWO 4 with Pr 2 (WO 4 ) 3 used as the initial reactants and mixed in different molar ratios. It was found that all Pr-doped tungstates have the scheelite-type structure, with the I4 1 /a space group. The indirect band gap E g for pure matrix PbWO 4 and Pr-doped ceramics is higher than 3.0 eV. The nonlinear dependence of E g on the value of x parameter was observed. All samples turned out to be insulators with small values of permittivity, loss tangent, and electrical conductivity. For this reason, both the pure matrix and the Pr-doped samples can be considered as good dielectrics useful for a production of lossless capacitors. The sign change of thermoelectric power during temperature increase may be due to the existence of vacancy acceptor and donor levels. 
Conclusions

